The structural protein Core of hepatitis C virus (HCV), a cytosolic protein, induces endoplasmic reticulum (ER) stress and unfolded protein response (UPR) in hepatocytes, and is responsible for the pathogenesis of persistent HCV infection. Using yeast as a model system, we evaluated mechanisms underlying Core-induced interference of ER homeostasis and UPR, and found that UPR is induced by the immature Core (aa 1-191, Core191) but not by the mature Core (aa 1-177, Core177). Interestingly, Core191 inhibits both ERAD-L, a degradation system responsible for misfolded/unfolded proteins in the ER lumen, and ERAD-M, a degradation system responsible for proteins carrying a misfolded/unfolded region in the ER membrane. In contrast, Core177 inhibits ERAD-M but not ERAD-L. In addition, requirement of an unfolded protein sensor in the ER lumen suggested that inhibition of ERAD-L is probably responsible for Core191-dependent UPR activation. These results implicate inadequate maturation of Core as a trigger for induction of ER stress and UPR.
Introduction
The endoplasmic reticulum (ER) is an essential organelle for the production of secretory proteins. The correct folding process of proteins in the ER is required for ER homeostasis, including the trafficking of proteins from the ER to Golgi apparatus. Misfolded proteins are either retarded for correct folding in the ER or degraded by the ER-associated protein degradation (ERAD) pathway. The quality control system that coordinates the rates of protein synthesizing, folding, and trafficking to ensure ER homeostasis also regulates the unfolded protein response (UPR) pathway. The ER plays an important role for the synthesis of sterols and phospholipids that constitute the membranes and lipid droplets (LDs) for lipid storage (Fagone & Jackowski 2009; Hapala et al. 2011) . Thus, perturbation of ER homeostasis contributes to metabolic disorders (Fu et al. 2011 ) and pathogeneses (Malhi & Kaufman 2011) . Such perturbation (ER stress) occurs during viral propagation (Jheng et al. 2014 ) including hepatitis C virus (HCV) infection (Chan 2014) .
Persistent infection of HCV causes liver disease including steatosis, hepatic fibrosis, and hepatic carcinogenesis (Poynard et al. 2003) . HCV has a positive-strand RNA genome that encodes a polyprotein of~3000 amino acids. The polyprotein is cleaved on the ER membrane by a signal peptidase to yield the structural Core, E1 and E2 polypeptides, and is also cleaved by viral proteases to yield the nonstructural polypeptides (Bartenschlager et al. 2004) . ER stress is observed in hepatocytes in liver biopsy samples from patients chronic hepatitis C (Asselah et al. 2010) . In addition, a wave of ER stress preceding a low constitutive level of ER stress was observed in the course of infection of the HCV JFH1 cell culture system (Merquiol et al. 2011) .
The structural proteins, Core (see below), E1, and E2 (Mohl et al. 2012 ) and a nonstructural protein NS2 (von dem Bussche et al. 2010 ) are shown to be responsible for the induction of ER stress. Although equimolar HCV proteins are translated, a higher level of Core is required in the late phase of the course of HCV propagation when the virus assembly occurs. It has been suggested that Core is stabilized by oligomerization when the expression level is increased in the late stage of infection (Afzal et al. 2015) . Thus, elucidation of the effect of Core on cellular homeostasis provides important aspects to understand the pathogenesis of chronic infection of HCV. In fact, expression of Core alone in transgenic mouse hepatocytes induce ER stress, lipid accumulation, and hepatocellular carcinoma (Moriya et al. 1997 (Moriya et al. , 1998 , which seems to be in agreement with the pathogenesis of chronic HCV infection. In addition, a pathogenic mutant of Core imposes ER stress in HCVcc system (Funaoka et al. 2011) . Thus, elucidation of the mechanism underlying the induction of ER stress by Core may provide clues to HCV-induced pathogenesis. However, how a cytosolic protein such as Core disturbs the ER luminal homeostasis that leads to ER stress and UPR is an unanswered question.
After the production of the Core region (aa 1 to aa 191, Core191), Core 191 is furthermore processed by signal peptide peptidase (SPP) in the C-terminal signal peptide region (McLauchlan et al. 2002) . Several cleavage sites of the later processing have been determined between aa 173 and aa 182 (Hussy et al. 1996; Liu et al. 1997; Ogino et al. 2004; Okamoto et al. 2008) , although aa 1 to aa 177 of Core (Core177) is needed for virus production (Kopp et al. 2010) . We speculated that some of the Cores with different C-termini except Core177 may eventually remain in cells and may affect cellular homeostasis. Thus, we sought to evaluate the effect of Core with a different C-terminus on cellular UPR and LD formation.
We have used the yeast Saccharomyces cerevisiae system to study the effect of Core on cell growth (Kubota et al. 2012 ) and the Core-dependent accumulation of LDs (Iwasa et al. 2016a,b) . We found that Core177 is distributed mainly in the trypsin-sensitive membrane fraction (cytosolic side) of yeast cells and affects localization of ER resident membrane proteins. One of the proteins responsible for neutral lipid synthesis, phospholipid:diacylglycerol acyltransferase Lro1, is required for Core177-dependent induction of triacylglycerols (TAGs) and LD levels (Iwasa et al. 2016a) . In human cells, Core, which distributes on ER and LDs, impairs LD turnover by inhibiting TAG catabolizing enzymes on the LD surface (Camus et al. 2014) . Taking advantage of the inefficient processing of the C-terminal region of Core191 by yeast (Kubota et al. 2012) , we showed that expression of Core191 induces the UPR-dependent genes (Kubota et al. 2007) but not Core177 in yeast cells (Iwasa et al. 2016b) . A recent report indicates that unprocessed Core induces ER stress in mouse cells that are deficient in SPP and TRC8, an E3 ubiquitin ligase for immature Core protein (Aizawa et al. 2016) . Thus, the results indicate strong similarities between the effect of Core on yeast cells and that on hepatocytes in terms of UPR and LD formation.
Here, we used the yeast system to explore the effect of Core with different C-termini on cellular homeostasis, UPR, and LD formation. We showed that a series of Cores (Core181, Core185, Core188, and Core191) had the ability to induce UPR but failed to induce LDs. Our results indicate that Core191 might induce UPR by inhibiting the ERAD system for the luminal unfolded protein (ERAD-L). These results suggest a novel mechanism for determining how a cytosolic protein such as HCV Core affects ER homeostasis as well as lipid metabolism and indicate that processing at the C-terminus may determine the effect of Core on cellular homeostasis.
Results
C-terminal end determines two distinct activities of HCV Core: the formation of LDs and the induction of unfolded protein response
The Core processing step by SPP is inefficient in yeast cells (Kubota et al. 2012) . We successfully expressed a series of the Core protein complexes with different C-terminal ends in yeast (Fig. 1A,B) . Interestingly, Core-induced LD formation in cells expressing Core177 (Iwasa et al. 2016b ) was lower than in cells expressing other Core species with longer C-termini and unprocessed Core (Core191; Fig. 1C-E) . Interestingly, most of the Core series (Core185, Core188, and Core191) successfully induced UPR (Fig. 1F ), but Core177 and Core181 failed to induce UPR (see also Iwasa et al. 2016b) . Lipid droplet formation is affected by nutrient availability and growth (Kohlwein 2010) . Thus, we examined the effect of Core expression on yeast growth in exponential phase, and found that the growth of cells was not strongly affected by expressing each one of Core series (Fig. S1 in Supporting Information). Because the induction of UPR and the LD formation seemed to occur reciprocally in most of the cases, we thought that LD formation might alleviate ER stress; this would explain why no UPR induction was observed. To examine this possibility, we expressed Core177 in a yeast quadrupole mutant that failed to synthesize neutral lipids (triacylglycerol and sterol ester; Sandager et al. 2002; Iwasa et al. 2016a) . As shown in Fig. 1G , Core177 still failed to induce UPR even in the LDless cells, although the basal UPR level was increased by approximately twofold, which might be due to the alleviation of endogenous ER stress by LD formation. Collectively, although Core has the potential to induce LD formation and UPR, none of the Core series showed these effects at the same time. The amino acid sequence of Core is highly conserved between the seven HCV genotypes ( To quantify the distribution of the Core protein complex, we fractionated cell lysates and identified both Core191 in P13 and P100 fractions, in which an ER resident protein was enriched (Kaiser et al. 2002;  Fig. 2A ). Next, we examined whether Core proteins existed in the luminal side or the cytosolic side of the ER membrane. As shown in Fig. 2B , Core191 in the P13 fraction was sensitive to the trypsin treatment whereas an ER luminal protein Bip (Kar2) was resistant to the same trypsin treatment. However, treatment with a detergent (Triton X-100) that lyses the membrane in the P13 fraction showed trypsin sensitivity of Bip (Fig. 2B) . These results suggested that Core191 is enriched on the cytosolic side of the ER membrane. This distribution was similar to that observed with Core177 (Iwasa et al. 2016b) .
ER stress sensor region of Ire1 is required for Core-induced UPR To investigate how a cytosol protein such as Core can affect ER homeostasis and UPR induction, we first examined whether Core directly activates a UPR sensor protein Ire1. In response to the accumulation of unfolded proteins in the ER lumen, Ire1 is activated and then induces HAC1 mRNA splicing in the cytosol (Sidrauski & Walter 1997) , resulting in an increase of Hac1 protein synthesis and up-regulation of transcription of the UPR-inducible genes (Travers et al. 2000) . Hac1 is a yeast orthologue of mammalian Xbp1. As shown in Fig. 3 , expression of Core191 (A) successfully enhanced the spliced form of HAC1 mRNA (B) and Hac1 target gene product Bip protein level (A). Tunicamycin, which enhances the misfolded proteins in the ER lumen by the inhibition of N-linked glycosylation, rapidly induced the HAC1 splicing level (30 min; Fig. 3C ). In contrast, increases in HAC1 splicing level were correlated with the time-dependent accumulation of Core191 (60-90 min; Fig. 3D ).
Ire1 is a type I transmembrane protein, which consists of a catalytic domain on the cytosolic side The number of LDs/cell was counted in images as described previously (Iwasa et al. 2016a) . No LD was detected in the quadrupole disruption mutant (are1 are2 dga1 lro1; D4). (F) Induction of UPR-specific reporter gene by Core series. The LacZ reporter gene with a promoter containing Hac1-binding site, unfolded protein responsive element (UPRE), is indicated. The Core series are induced in galactose containing medium for 3 h, and the b-galactosidase activity was determined as previously described (Kubota et al. 2012) . (G) Induction of UPR by Core191 in the quadrupole disruption mutant (are1 are2 dga1 lro1; D4). The UPR activity was determined as above. Wild-type yeast (WT) carrying EV was included at a control. P values are indicated in D to G (N = 3).
Genes to Cells ( Number of LDs/cell (E) P = 0.02 P = 0.05
and a sensor domain on the ER luminal side (Kimata et al. 2007 ; see Fig. 3E ). The stress-sensing region (CSSR) on the luminal side of Ire1 directly binds to unfolded proteins to induce the Ire1-dependent splicing of HAC1 mRNA in cytosol. The domain III in the CSSR but not a chaperon (Bip)-binding domain (domain V; Fig. 3E ) is essential for the binding of unfolded protein to activate the HAC1 splicing . In contrast, domain III is dispensable for Ire1 activation by membrane aberrancy, which is triggered by inositol deficiencyinduced changes in lipid composition (Promlek et al. 2011) . We investigated whether the interaction of Core191 with the cytosolic side of the ER membrane might result in membrane aberrancy that triggers Ire1 activation. As shown in Fig. 3F ,G, HAC1 mRNA splicing induced by the Core expression was impaired by deletion of domain III (but not by deletion of domain V). Thus, the apparent requirement of the Ire1 domain III suggests that Core191 was likely to induce generation of luminal unfolded proteins.
Inhibition of ERAD systems by Core191
We next investigated how cytosolic protein Core impairs the quality of the ER luminal proteins. The accumulation of unfolded proteins in the ER is a consequence of impaired ERAD that results in upregulation of UPR (Travers et al. 2000) . To examine whether Core191 might affect the ERAD, we used three ERAD substrates: CPY*, Hmg2, and Ste6*.
The G255R mutant of carboxypeptidase Y, known as CPY*, is incorrectly folded in the ER lumen; thus, CPY* is rapidly degraded by the ERAD system but fails to be transported to vacuole (Finger et al. 1993) . CPY* was expressed at moderate levels from its native promoter to ensure that CPY* is degraded exclusively by ERAD but not by ER-Golgi trafficking due to overloading (Hiller et al. 1996; Kawaguchi et al. 2010) . After 2 h of observing the expression of Core191 in yeast cells expressing CPY*, we treated the cells with cycloheximide (CHX) to inhibit de novo protein synthesis and examined the rates of decay of CPY* (a CHX chase experiment; Fig. 4A ).
As shown in Fig. 4B ,C, while the CPY* was rapidly degraded (the half-life was <0.5 h in cells carrying empty vector), CPY* level was unchanged for at least 2 h after the CHX addition when Core191 was expressed. As previously shown (Bordallo et al. 1998) , Hrd1, an E3-ubiquitin ligase, was essential for degradation of a luminal protein with a lesion such as CPY* (ERAD-L) (see Figs 4C, S4A in Supporting Information). Degradation of ER-embedded membrane proteins is driven by two ubiquitin ligase complexes. The Hrd1 E3 ubiquitin ligase (Sato et al. 2009 ) and Ssm4 E3 ubiquitin ligase complexes (Huyer et al. 2004 ) are responsible for ERAD of Hmg2 and Ste6*, respectively. Hmg2 is degraded when the sterol concentration is sufficient and is stabilized when there is a lower sterol level (Hampton & Rine 1994) . Structural alteration of the membrane-spanning region of Hmg2 that occurs under low sterol condition is sensed by the ERAD-M complex containing Hrd1 (Sato et al. 2009 ). In the present study, as shown in Fig. 4D ,E, Core191 expression enhanced the stability of Hmg2. Hrd1 was essential for the degradation of Hmg2 in this culture condition (see Fig. S4B in Supporting Information). Ste6*, which carries a non-sense mutation in the C-terminal cytosolic part (at Gln1249), is the substrate for ERAD-C (Ssm4) complex (Huyer et al. 2004) . Loss of Ssm4 strongly inhibited Ste6* degradation (See Figs 4G, S4C in Supporting Information). Core191 expression partially impaired the stability Ste6* (Fig. 4F,G) .
Core177 inhibits ERAD of Hmg2 but not CPY* and Ste6* Although the distribution of Core177 is similar to that of Core191, Core177 is unable to induce UPR (Iwasa et al. 2016b) . We also examined the effect of Core177 expression on the ERAD. As Genes to Cells (2017) 22, 160-173 shown in Fig. 4 , degradation of Hmg2 was strongly abrogated by Core177 (D and E), whereas CPY* (B and C) and Ste6* (F and G) were not affected. The inhibition of Hmg2 degradation is consistent with our previous result that Core177 inhibits the degradation of an ER membrane protein, Lro1, which is degraded in an Hrd1-dependent manner (Iwasa et al. 2016a) . Taken together, Core177 specifically inhibits only ERAD-M, whereas Core191 inhibits ERAD-L and ERAD-M and partially inhibits ERAD-C.
Effect of Core proteins on the ER-to-Golgi traffic
Previous reports showed that UPR can be induced when the ER-Golgi transport system (COPII) is Fig. S4B in Supporting Information) as described previously (Hampton et al. 1996) . (F, G) Degradation of an ERAD-C substrate Ste6* is inhibited by Core191. We examined the effect of Core191 (green) and Core177 (red) on the rate of degradation of HA-Ste6*. Degradation of the HA-Ste6* requires Ssm4 ubiquitin ligase (purple line; Fig. S4C in Supporting Information) as described previously (Huyer et al. 2004) . The levels (%) of the ERAD substrates were determined (N = 3; C, E and G). Representative data are reported (B, D and F) . Degradation of these substrates in wild-type cells carrying empty vector were also examined (EV, light blue)
Genes to Cells (2017) 22, 160-173 monitoring the trafficking steps through the secretory pathway involving the ER, Golgi, and vacuoles. The ER type (p1-CPY), Golgi type (p2-CPY), and vacuole type (m-CPY) appeared as different molecular weights (Stevens et al. 1982 ; see Fig. 5A ). As shown in Fig. 5B , p1-CPY was accumulated by expression of either Core177 or Core191. We examined the time-dependent accumulation of p1-CPY by induction of Core177 and Core191 expression. In cells expressing Core191, p1-CPY had started to accumulate from 1 h concomitantly with accumulation of Core191 (Fig. 5C ) and the spliced-HAC1 mRNA (Fig. 3B) . In contrast, albite p1-CPY was also accumulated to the similar level by Core177 expression ( Fig. 5C ; Core177, 3 h), HAC1 splicing (Fig. 5D ), and UPR (Fig. 1F) was not induced in cells expressing Core177. Thus, although our results suggest that both the Core species (Core177 and Core191) partially inhibited the ER-to-Golgi traffic, the fact that the specific induction of UPR by Core191 and LD formation by Core177 suggested the inhibitory effects of Core177 and Core191 on the ER-to-Golgi traffic seems not to be mainly responsible for the Core-dependent induction of UPR and LDs.
Discussion
Endoplasmic reticulum stress has been implicated in the pathogenesis of several hepatic diseases, including chronic infection of HCV (Malhi & Kaufman 2011) . Core is one of the viral proteins responsible for imposition of ER stress and LD formation (Moriya et al. 1997 (Moriya et al. , 1998 . ER stress is induced by the expression of Core in hepatocytes or infection of HCV in hepatoma cells (Chan 2014) . Here, we sought the effects of Core species with different Cterminal ends on ER homeostasis using a yeast model system and found that the C-terminal end of Core determines the induction of either LDs or the UPR. Core177, which is required for viral production (Kopp et al. 2010) , was able to induce the LDs but not the UPR. Similarly, Core181 induced LDs at a lower level but not UPR. Conversely, other Core species including Core185, Core188, and the unprocessed Core191 showed the UPR induction and failed to induce LD formation. Although the Core species existed on the cytosolic side of ER membrane, the sensing domain of Ire1 for ER luminal unfolded proteins was required for the Core191-dependent UPR induction. Thus, Core was likely to induce accumulation of unfolded proteins in ER lumen. We showed that both of the Hrd1-dependent ERAD systems (ERAD-L for luminal protein lesions and ERAD-M for membrane protein lesions in the membrane-spanning region) were impaired by Core191, whereas only ERAD-M was impaired by Core177. Collectively, because the specific inhibition of ERAD-L is a unique property of Core191, the possible accumulation of unfolded proteins in the ER lumen by the inhibition of ERAD-L might show ER stress and up-regulation of UPR (see Fig. 6 ).
Disturbance of ERAD-M degradation by Core177 is consistent with our previous results that Lro1, which is degraded by Hrd1-dependent manner, was suppressed by Core177 (Iwasa et al. 2016a) . Thus, it is likely that Lro1 is a substrate for ERAD-M (the Hrd1 complex). Lro1, one of two TAG synthesizing enzymes, is absolutely required for Core177-dependent TAG increases and LD formation. Despite the selective inhibition of ERAD-M (Hmg2 and Lro1) by Core177, complete suppression of this pathway by loss of Hrd1 (in hrd1D cells) does not affect the activity of Core177 to induce LD formation (Iwasa et al. 2016a) , suggesting that inhibition of ERAD-M is unlikely to be responsible for induction of TAG levels and LD formation. Taken together, the Cterminal end of Core177 might be required for specific interaction with a putative preexisting molecule on ER membrane to lead to LD formation. Alternatively, the C-terminal end may be required for a specific structure such as Core177 with a multimer formation for the interaction with ER membrane to induce LDs. Core191 may interact Hrd1 complex (Ismail & Ng 2006) to inhibit ERAD-L and ERAD-M. We think that our yeast system may provide clues to the question of how the C-terminal peptide determines inhibition of ERAD or LD formation.
Inhibition of the ER to the Golgi transport of CPY by Core191 and Core177 suggested retardation of proteins in ER. However, because Core177 was unable to induce UPR, and Core191 was unable to induce LD formation, the Core-induced suppression of the transport seemed to be insufficient to induce UPR and LD formation.
Our results suggested that Core properties in mammalian cells were significantly similar to those in yeast cells in terms of not only the interaction of Core with ER and LD but also the induction of LD formation and UPR. We thought that our observation in yeast cells of the UPR-inducible Unspliced Spliced
(D)
Figure 5 Traffic of the wild-type CPY from ER to Golgi is inhibited by Core. (A) Schematic representation of the CPY forms generated by carbohydrate modification (four N-linked glycans) and proteolytic processing. p1-CPY (67 kDa) was generated by removing the signal peptide and adding N-linked oligosaccharides in ER. p2-CPY (69 kDa) was produced by further modification of oligosaccharides in Golgi. A mature vacuole type (m-CPY, 61 kDa) was formed by proteolytic processing in vacuole (Hasilik & Tanner 1978; Klionsky et al. 1990) . (B) p1-CPY is mainly induced in response to Core191 and Core177. Yeast lysate was prepared after 3-h induction of Core expression in wild-type cells. To examine glycosylation of CPY proteins, the lysate was treated with endoglycosidase H (+; Endo Hf; New England Biolabs, Ipswich, MS, USA). CPY species were detected by Western blotting using anti-CPY antibody. (C) Time-dependent accumulation of p1-CPY by Core177 and Core191 expression. We detected CPY, Core, and actin by Western blotting. Positions of p1-CPY, p2-CPY, m-CPY, Endo H-digested p1-and p2-CPY (Endo H p1 + p2), and Endo H-digested m-CPY (Endo H mCPY) are indicated (B, C). (D) Spliced and unspliced HAC1 mRNAs were determined by RT-PCR. Yeast RNA was prepared from wild-type cells carrying empty vector (EV), expression vector for Core177, and Core191 after 3-h induction. Wild-type cells carrying EV were also treated with tunicamycin (2 g/mL) for 3 h (EV + tunicamycin).
Genes to Cells (2017) 22, 160-173 character of Core species with different C-termini might also be true in mammalian cells. In fact, UPR is induced by production of unprocessed Core191 in Huh7 human hepatoma that is deficient in SPP and TCR8 (Aizawa et al. 2016) . Previous reports have suggested that the processing of Core by SPP is not complete (residual immature Core is observed) when transiently expressed in hepatoma cells (Jackel-Cram et al. 2007 ) and in mouse embryonic fibroblasts (Aizawa et al. 2016) . The expression level of SPP was found to be altered in cancer cells (Hsu et al. 2015) , and the processing ability of Core may be affected by ER membrane alteration. Alternatively, amino acid substitution in the HCV protein may be due to the highly frequent error ratio of the RNA replicase. Some artificial amino acid substitutions in the C-terminal peptide resulted in inhibition of the processing (Liu et al. 1997; Okamoto et al. 2008; Pene et al. 2009 
Experimental procedures
Yeast strains, media, transformation, and reagents
The following strains of S. cerevisiae were used in this study: BY4742 (MATa his3D1 leu2D0 lys2D0 ura3D0; EURO-SCARF, Frankfurt, Germany), ire1D (BY4742 YHR079c:: kanMX4), hrd1D (BY4742 YOL013c::kanMX4), and ssm4D (BY4742 YIL030c::kanMX4). Yeast cells were transformed using the lithium acetate method, essentially as described by Ito et al. (1983) . Yeast cells were grown in a synthetic dextrose (SD) medium [1.67% Bacto TM yeast nitrogen base lacking amino acids (BD, Becton Dickinson and Co., Franklin lakes, NJ, USA) and 2% glucose] supplemented with 0.04 mg/mL adenine hemisulfate and amino acids (SD dropout; Dunn & Wobbe 1997) at 30°C. To induce Core expression (GAL1 promoter activation), we cultured yeast cells in synthetic raffinose (SR dropout) medium in early exponentially growing yeast and furthermore cultured for 3 h with galactose (3%) unless otherwise indicated as described previously (Iwasa et al. 2016a) . We dissolved tunicamycin (Sigma-Aldrich, St. Louis, MO, USA) in dimethyl sulfoxide (DMSO) at 2 mg/mL. We examined the effect of tunicamycin on HAC1 mRNA splicing in BY4742 cells cultured in SR dropout containing galactose.
Construction of plasmids and expression of HCV Core protein in yeast
To induce expression of the core protein in yeast, we used a multicopy (2l Ori) plasmid containing the GAL1 promoter and the GAPDH terminator region (pKT10-GAL) as described previously (Kubota et al. 2012) . The Core cDNA regions (aa residues 1-177, 1-181, 1-185, 1-188 and 1-191) of HCV (1b) (HCV isolate HCR6; GenBank accession no. AY045702) were PCR-amplified and cloned into pKT10-GAL. To construct the expression vector for HAtagged p1-CPY, we first cloned a genome region of PRC1/YMR297w (nt positions À360 to 1797 of the coding region) into pRS313 (Cen-ARS, HIS3; pRS-CPY), and then, an in-frame HA-tag sequence was inserted in the XbaI site (nt 84) of the PRC1 genome and cloned into pRS313 (pRS313-HACPY). To construct pRS313-HACPY* for the ERAD-L substrate expression, a G255R substitution was introduced in the CPY ORF (pRS313-HACPY*). To construct the expression vector for the ERAD-M substrate, we fused the ORF of HMG2/YLR450w with an HA tag at the C-terminus and cloned it under the GAL1 promoter in pRS313 (pRS313-GAL1p-Hmg2-HA). To construct the Ste6* (Huyer et al. 2004 ) expression vector, we fused a triplicated HA tag and STE6 ORF with a non-sense mutation at codon Q1249 and cloned into pRS313 with a TDH1/YJL052w promoter.
Subcellular fractionation
We fractionated yeast organelles according to Kaiser et al. (2002) as described previously (Iwasa et al. 2016b) . Yeast lysate was separated by series of centrifugation; the precipitate was separated by 13 000 g for 10 min (P13; the microsome fraction), and the supernatant (S13) was furthermore separated by centrifuge at 100 000 g for 1 hour to the precipitate (P100) and the supernatant (S100: the cytosolic fraction). Trypsin sensitivity and Western blotting was carried out as described previously (Iwasa et al. 2016b ) using specific antibodies for the Core proteins (515S) (Kashiwakuma et al. 1996) , Kar2 (BiP; Santa Cruz, y-115) and Pyk1 (Irokawa et al. 2016 ).
Determination of HAC1 mRNA splicing
Northern blotting was carried out using a digoxigenin-labeled DNA (380 bp, nt 557-936 of HAC1 ORF) as a probe as described previously (Okazaki et al. 2007) . We also carried out RT-PCR to detect unspliced-and spliced-mRNA level as described previously (Promlek et al. 2011) .
Chase of ERAD substrate degradation
We cultured yeast cells that expressed ERAD substrates and Core proteins with 3% galactose for 2 h and then furthermore incubated (chased) the cells with 0.1 mM CHX, fixed the cells with 10% trichloroacetic acid (TCA) at the indicated time points, and prepared the lysate as described previously (Kubota et al. 2012) . Western blotting was carried out using antibodies for HA tag (rat high affinity; Roche Diagnostics GmbH, Mannheim, Germany) and Core (see above).
Analysis of fluorescent images and quantitation of the LDs
Lipid droplets were stained with 4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-sindacene (BODIPY 493/503; Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) as described previously (Iwasa et al. 2016a) . Fluorescent images of LDs were captured by fluorescent microscopy (DMIRE2; Leica, Wetzlar, Germany) using GFP.S filter set. We also examined the fluorescence by flow cytometer (BD FACSCalibur; BD).
Statistical analysis
Multiple independent replicates (at least n = 3, except as indicated) were carried out for each experiment, and the data are presented as the means of three independent experiments with the standard error of the mean. Statistical comparisons between two conditions were conducted using Student's t-test.
analyses reveal an essential coordination between the unfolded protein response and ER-associated degradation.
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